We recently proposed that endothelium may represent the primary physiologic site of synthesis of the tissue factor pathway inhibitor (TFPI). In support of this conclusion, we have now found that the poly(A)+ RNAs obtained from rabbit and bovine lung tissues contain abundant amounts of TFPl messenger RNAs (mRNAs), whereas the poly(A)+ RNAs obtained from the liver of these animals contain less than 5% of that found in the lung tissues. Because inflammatory mediators are known t o upregulate tissue factor (TF) expression by the endothelium, we have examined the effect of these agents on the TFPl expression by the cultured endothelial cells. When cultured human umbilical vein endothelial cells were stimulated (in 10% fetal bovine serum) with phorbol myristate acetate (PMA), endotoxin, interleukin-1, or tumor necrosis factor-a, the TF mRNA increased 37-t o 10-fold within 2 t o 4 hours. Unstimulated cells constitutively expressed TFPI mRNA and its levels either did not change or increased slightly (up t o 1.5-fold) upon stimulation with these inflammatory agents. TF mRNA abruptly declined t o a negligible level and the TFPl mRNA returned essentially t o the basal level at 324 hours. The membrane-bound TF clotting activity of induced cells peaked between 4 and 8 hours, and finally declined. The cumulative TFPl activity secreted into the media was either unchanged or slightly higher in the induced cell cultures as compared with that present in the noninduced cultures. Endothelial cells were N THE LAST 2 DECADES, substantial evidence has I been accumulated that indicates that the tissue factor pathway (or the extrinsic pathway) plays a dominant role in initiating blood coagulation in This pathway begins by exposure of blood to tissue factor (TF) at an injury site and formation of the complex between TF and plasma factor VII/VIIa. The TF/VIIa complex formed then activates both factors IX and X, leading to thrombin generation and fibrin formation? The primary physiologic inhibitor of TF/VIIa complex is a multivalent Kunitz-type inhibitor referred to as the lipoprotein-associated coagulation inhibitor or the extrinsic pathway inhibit~r.',~ Recently, this inhibitor has been termed the tissue factor pathway inhibitor (TFPI) by the Subcommittee of the Scientific and Standardization Committee of the International Society on Thrombosis and Haemostasis. As per recommendation of this Subcommittee, the inhibitor is referred to as TFPI in this communication. TFPI consists of a highly negative aminoterminal segment, three tandemly repeated Kunitztype inhibitor domains, and a highly positive carboxyterminal segment. The inhibition of the catalytic activity of TF/VIIa complex occurs in two step^.^,^ In the first step, the middle Kunitz domain of TFPI binds to factor Xa. In the second step, the first Kunitz domain of TFPI binds to factor VIIa in the TF/VIIa complex.
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Endothelial cells are involved in the regulation of both coagulation and fibrinolysis. Normal vascular endothelium produces components active in platelet aggregation, such as von Willebrand factor, and the components associated with the platelet antiaggregation properties, such as prostacyc h 4 Unperturbed endothelium also expresses components also cultured in 10% heat-inactivated human serum derived from plasma or whole blood. TFPI secreted into the media containing whole blood serum was consistently higher ( 4 . 5 -fold at 8 hours) than that secreted into the media supplemented with serum obtained from plasma lacking the formed elements; these cells also expressed similarly increased levels of TFPl mRNA. Moreover, PMA-stimulated cells cultured in whole blood serum expressed modestly increased levels of TFPl mRNA (=1.5-fold); supernatants from these cells also contained similarly increased TFPl activity. Cumulatively, our data indicate that, unlike thrombomodulin and fibrinolytic enzymes synthesized by the endothelial cells, TFPl synthesis is not downregulated and may be slightly upregulated during an inflammatory response. Inspection of the 5' flanking region of the TFPI gene showed a conserved GATA-binding motif located ~4 0 0 bp upstream of the proposed transcription initiation site(s). This motif by binding t o the GATA-2 transcriptional factor may keep the endothelium in an 'on' state for constitutive expression of TFPI. A modest increase in TFPl expression by treatment of cells with whole blood serum or PMA may be due t o the presence of two transforming growth factor-&like responsive elements and of two phorbol ester-like responsive elements located in the 5' end of the gene. associated with anticoagulant properties such as heparan sulfate: thrombomodulin,5 and TFPI.6 Moreover, the endothelium also secretes substances that promote fibrinolysis such as tissue plasminogen activator (t-PA) and the substances that inhibit fibrinolysis, such as plasminogen activator inhibitor-1 (PAI-l).4 These balanced properties of normal endothelium ensure natural anticoagulant checks against clotting.
Many cells that are normally not in contact with blood, such as fibroblasts and smooth muscle cells, constitutively express TF.7-9 On the contrary, endothelial cells that are in contact with blood either do not or express very little TF.7-9 However, upon stimulation with a variety of inflammatory agents such as endotoxin, phorbol 12-myristate acetate (PMA), interleukin-1 (IL-l), and tumor necrosis factor-a (TNF-a), endothelial cells can be induced to synthesize and express TF on their s~r f a c e .~~-l~ These inflammatory mediators also upregulate the expression of PAI-1 and downregulate the expression of t-PA, prostacyclin, and thrombomod~l i n .~. '~ Thus, during an inflammatory response, the ability of endothelium to provide proper anticoagulant checks against clotting is greatly impaired. In this context, it would be important to examine the influence of inflammatory mediators on the expression and secretion of TFPI by the endothelial cells and relate it to the changes in TF activity and messenger RNA (mRNA) expression. In the present study, we address this issue and report our findings. A preliminary account of this work has been presented.I4 Human factor VII,I6 factor IX,I7 and factor X17 were purified as described. Sialyl 3H-factor 1X (4 x 108 cpm/mg) was prepared by the general technique of Van Lenten and Ashwellla as described19; the protein retained = 90% of the clotting activity of the nonlabeled control. Human umbilical vein endothelial ( H W E ) cells were harvested essentially by the method of Jaffe et a1. 20 In brief, the umbilical cords were kept at 4°C in Eagle's minimum essential medium containing 100 U/mL penicillin, and 100 pg/mL streptomycin for up to 2 days before processing. HUVE cells obtained from five umbilical cords were routinely used for seeding 10 T-25 cmz flasks coated with fibronectin (4 pg/cmz). The cells grew to confluence within 5 to 6 days in Dulbecco's modified Eagle's medium (DMEM) supplemented with 15% heat-inactivated FBS, 100 kg/mL heparin, and 75 kg/mL endothelial cell growth supplement. Our detailed culture conditions have been described.6*21 BPAE cells and GM-1380 fibroblast cells were cultured in DMEM containing 10% FBS as described. 6, 21 Total RNA from the GM-1380 fibroblast cells was isolated by a single step procedure of Chomczynski and Sacchizz using the RNAzol B method as outlined in the Cinna/Biotec (Friendswood, TX) manual. A full-length TF cDNA was cloned using reverse transcription and the polymerase chain reaction (PCR). Two primers were used for this purpose: primer A, reverse transcriptase, as outlined.z7 PCR amplification was performed using both primers essentially as described.28 Our procedure has been described in detail el~ewhere.2~ PCR amplified fragment was digested withMbo I and Hind111 restriction enzymes, cloned into BamHI and HindIII sites of pUC 18 vector and sequenced. 27 The sequence of our TF clone differed from the published s e q~e n c e *~-~ at two places. These two nucleotide changes resulted in substitution of Glu-99 by Val (GAG+GTG) and Asn-107 by Asp (AAC -+ GAC). This may have resulted from reverse transcription and/or PCR errors. Sequence analysis also indicated the presence of triplet GCA coding for Ala-22P instead of the triplet GTA coding for Va1-228.23,a*26 This probably represents a sequence dimorphism. However, all three nucleotide changes in our TF cDNA clone are not expected to interfere with the Northern hybridization experiments described in this report.
MATERIALS AND METHODS

Materials
TF activity was measured by a one-stage assay method in which 50 ILL of cell lysate was incubated with 50 KL of normal citrated pooled plasma for 3 minutes at 37°C in a plastic tube. A 50-pL aliquot of prewarmed 25 mmol/L CaClz was then added and the clotting time recorded from the point of addition of CaC12. Cell lysates were prepared by three freeze-thaw cycles (-70°C/37"C) of scrape harvested cells ( I : 5 x lo6 cells/ mL). TF activity of cells was expressed in units of human brain TF activity. A saline extract of human brain tissue,3° which clotted recalcified citrated normal plasma in 20 seconds, was arbitrarily assigned a value of 1 U of TF activity; a linear calibration curve was obtained when the log of clot times (25 to 140 seconds) was plotted against the log of human TF dilutions. In this assay, TF activity of unstimulated HUVE cells ranged from 15 to 20 mU/l@ cells and of stimulated cells ranged from 200 to 300 mU/1@ cells. Relative increases were calculated as the ratios of TF activities of stimulated versus unstimulated cells. TFPI assays were conducted as described?I Cell culture supernatants were dialyzed against 0.05 mol/L Tris, 0.15 mol/L NaCl, pH 7.5, and centrifuged (12,OOOg for 10 minutes) before TFPI analysis. The results obtained on the same sample assayed on different days did not differ more than 210%. The undiluted pooled human plasma was assigned a value of 1, OOO mU/mL.
Preparation of human whole blood serum ( W S ) and cell-free plasma-derived serum (PDS). WBS was obtained by allowing the blood to clot at 37°C for 2 hours. The serum was harvested and centrifuged at 10,ooOg for 10 minutes to remove insoluble components. The preparation was heat inactivated at 56°C for 30 minutes, centrifuged at 10,ooOg for 10 minutes, and filtered first through 0.45 and then through 0.22 pm low protein binding Millipore filters.
The resulting WBS preparation (pool of five donors) was stored frozen in 10-mL aliquots at -20°C. PDS was prepared by initial centrifugation (6,OOOg for 15 minutes) of citrated blood to remove platelets, erythrocytes, and leukocytes. The plasma obtained was centrifuged at 10,OOOg for 30 minutes to remove any residual platelets. The platelet-depleted plasma was recalcified and allowed to clot at 37°C for 2 hours. The clot was removed by centrifugation and the serum was heat inactivated and filtered as outlined above for the WBS preparation. The fibroblast proliferation induced by the WBS preparation as determined by the 3H-thymidine incorporation assay was 15-fold greater than that of albumin or the PDS preparation?'
Treatment of HUVE cells with PMA, endotoxin, IL-I, or TNF-a. Primary cultures of HUVE cells were used for each experiment. Confluent monolayers in T-25 cm2 flasks were kept in DMEM supplemented with 10% FBS (pretreatment media) for 24 hours, at which time control Aasks received fresh pretreatment media, whereas the experimental flasks received pretreatment media containing the inflammatory agent. At selected time intervals, the supernatants were processed for TFPI activity and the cells were TF and TFPI functional assays.
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processed either for TF activity or for RNA isolation. The pretreatment media did not possess TFPI activity in our assay system. For experiments in which human serum was used, the pretreatment media at 24 hours was changed to DMEM containing 10% PDS or WBS with or without PMA.
Total RNA from the cultured HUVE cells ( = 3 x 106 cells/T-25 cm2 flask) was extracted by the method of Chomczynski and Sacchi.22 Formaldehyde-formamide-denatured RNA (20 to 25 pg) samples were electrophoresed on 1.2% agarose formaldehyde gels as outlined.27 Prehybridization and hybridization was performed in 50% formamide at 42°C and the washing temperature was 60°C (stringent conditions). The filters were exposed to Kodak X-AR5 film (Eastman Kodak, Rochester, NY) at -70°C with one intensifying screen. The same filters were used for hybridization with TFPI, TF, and p-actin cDNA probes. Before rehybridization, the removal of the previous probe was confirmed by autoradiography. Full-length TFPI cDNA probe was as described earlier.6 Human p-actin probe was obtained from Dr Cathy Carlin of the Institute of Molecular Virology of St Louis University. It was a 2.1-kb fragment cloned in EcoRI/HindIII sites of plasmid pGEM. Each cDNA probe was radiolabeled with 32P using the random hexamer primer method as outlined in the Dupont-New England Nuclear Products Bulletin. The specific activity of each probe was 4 to 6 x 10* cpm/pg. Northern blotting of RNA from BPAE cells, and from bovine and rabbit lung and liver tissues, was performed under nonstringent conditions; prehybridization, hybridization, and washing were all performed at 37°C. Levels of mRNAs were quantitated using a Pharmacia LKB (Piscataway, NJ) Ultroscan XL laser densitometer.
Northem blotting.
RESULTS
Northem blotting of RNA from BPAE cells, and from rabbit and bovine lung and liver tissues. Our previous data using human cells and tissues indicated that liver parenchymal cells may not be the site of TFPI syntheskh In this report, we have extended this observation to other species. BPAE cells contained two TFPI mRNAs of 54.0 and 1.3 kb sizes (Fig 1, lane 2) . Rabbit lung tissue rich in endothelium also contained two TFPI mRNAs of 54.0 and 1.4 kb sizes (Fig  1, lane 3) . Rabbit liver, however, contained only about 3% of TFPI mRNAs of that found in the lung tissue (Fig 1, lane  4) . Similarly, bovine liver contained less than 5% of the TFPI mRNAs as compared with that found in the lung (gels not shown). The differences in the two mRNAs in the rabbit and bovine species sizes probably reflect the presence of additional 3' untranslated regions in the -4-kb bands as reported earlier for the human Our data obtained in the rabbit and the bovine system are in agreement with our earlier findings in the human system that endothelium may indeed represent the primary site of TFPI synthesis.
Effect of PMA, endotoxin, IL-I, or TNF-a on the TFPI expression by cultured HLNE cells in 10% FBS. These data are presented in Fig 2. When PMA (100 ng/mL) was used as the inflammatory agent, the cumulative TFPI activity secreted by the stimulated cells was modestly increased as compared with that secreted by the nonstimulated cells. The difference became apparent after about 8 hours and was -1.5-fold at 16 hours and = 1.3-fold at 24 hours (Fig   2A) . There was also a modest increase in the TFPI mRNA levels of stimulated cells at 4 hours but not at 8 or 24 hours (data not shown). The TF activity of stimulated cells was highest (-15-fold) at 4 hours and then sharply declined over time (Fig 2A, top) . The TF mRNA levels peaked between 2 and 4 hours and also declined over time. Similar results were obtained when experiments were repeated using 50 ng or 200 ng/mL PMA. Thus, when there was a sharp increase in TF synthesis by the PMA stimulated cells, only a slight increase in TFPI synthesis was evident.
When those inflammatory mediators that may be active during sepsis, such as endotoxin, IL-1, and TNF-a, were used to stimulate endothelial cells, no significant increase or decrease in the cumulative TFPI activity secreted into the media was observed. There was also no significant difference between the TFPI mRNA levels of stimulated cells versus nonstimulated cells. The data obtained when endotoxin was used as the stimulus are presented in Fig 2B. In the bottom panel of Fig 2B , the cumulative TFPI activity secreted into the media in the presence or absence of 5 p,g/mL of endotoxin is presented as a function of time. The analysis of these data show no observable differences in the secreted TFPI activity of control versus stimulated cultures. Northern blot analysis of RNA isolated at 2,4, and 8 hours also showed no significant differences in the TFPI mRNA levels of nontreated versus treated cultures. As reported earlier,I0 the TF activity of stimulated cells peaked ( = 15-fold increase) between 4 and 8 hours and the TF mRNA levels peaked between 2 and 4 hours. Similar results (both for TFPI and TF) were obtained when 1,3, or 10 p,g/mL of endotoxin was used. Thus, when a dramatic increase in TF expression was noted, a corresponding increase in TFPI expression was not evident.
The effect of two cytokines, namely, IL-1 and TNF-a, on the TFPI expression is shown in Fig 2C and D. IL-1 For personal use only. on October 24, 2017. by guest www.bloodjournal.org From
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U/mL (Fig 2C) or at 5,20, and 100 U/mL (data not shown) did not appear to significantly alter the expression of TFPI as determined by the activity and mRNA analysis. Similarly, TNF-a at 0.5 nmol/L (Fig 2D) or at 0.3,1, and 5 nmol/L did not result in a decrease or increase in the TFPI expression. In both IL-1-and TNF-a-treated cells, the TF activity peaked ( = 15-fold increase) at 5 8 hours and the mRNA levels peaked between 2 to 4 hours. Moreover, when cells were stimulated with a combined dose of 0.5 nmol/L TNF-a and 10 U/mL IL-1, again no significant increase or decrease in the cumulative TFPI activity or the TFPI mRNAs levels was observed. Thus, the cytokines, which have been known to upregulate TF e x p r e~s i o n l~.~~ and which have been identified to play a pathologic role in the inflammatory/septic process, did not appear to influence TFPI expression by cultured endothelial cells.
Effect of human serum on the TFPI expression by cultured HUVE cells. To examine the effect of a moiety or moieties present in human WBS, confluent cells were incubated with either 10% WBS or 10% PDS and the TFPI activity secreted into the media was determined (see Materials and Methods). The dialyzed samples of 10% WBS/DMEM contained 85 to 90 mU/mL and 10% PDS/DMEM contained 70 to 75 mU/mL of TFPI activity. The reason for the presence of a slightly higher TFPI activity in the 10% WBSIDMEM versus 10% PDS/DMEM could be due to release of the platelet TFPI' during the WBS preparation. These activity values were subtracted from the experimental data points to obtain the TFPI units secreted by the endothelial cells. Up to 8 hours, the cells kept in WBS secreted approximately 1.5-fold higher concentration of TFPI than those kept in PDS (Fig 3) . Similarly, TFPI mRNA levels in cells cultured in WBS examined at 4 and 10 hours were approximately 1.5-fold higher than those found in cells cultured in PDS. The differences in TFPI activity were found to be significant (P < .02) for the 4-, 6-, and 8-hour data points when analyzed by the unpaired t-test. The range of TFPI activity values were as follows: at 4 hours it was 23 2 6 for PDS and 37 2 6 for WBS; at 6 hours it was 36 rf: 6 for PDS and 62 rf: 9 for WBS; and at 8 hours it was 54 2 6 for PDS and 75 2 6 for WBS. The actual increase at 4 hours was between 1.5-to 2-fold, at 6 hours it was 1.4-to 2.5-foId, and at 8 hours it was 1.1-to 1.7-fold. Thus, we believe that the TFPI expression by the endothelial cells is slightly upregulated by releasates from the formed elements of blood. Moreover, a comparison of the data presented in Figs 2 and 3 showed that the TFPI activity secreted by the endothelial cells cultured in WBS was greater than twofold of that secreted by cells cultured in FBS; similar differences in TFPI mRNA levels were also observed (data not shown). However, as was the case with the cells cultured in FBS, the cells cultured in PDS or WBS did not possess TF activity or expressed TF mRNA.
Because (Fig  2A) or WBS (Fig 4) .
DISCUSSION
Data presented earlier in the literature and in this report support a concept that liver is not the site of synthesis of TFPI and that endothelium is the primary physiologic site of its synthesis. Liver tissues obtained from three different species, namely, human, bovine, and rabbit, contained essentially very little TFPI mRNAs6 (present study). Moreover, normal human hepatocytes neither synthesize TFPI in culture nor stain positive in the liver tissue in immunohistochemical studies using TFPI antib0dies.3~ In contrast, endothelial cells from all three species synthesize TFPI in c u I t~r e , 6 ,~' ,~~ and lung tissues rich in endothelium contain 33 we believe that a majority of the TFPI mRNA, obtained form the lung tissue is derived from the endothelium and that it represents the primary source of plasma TFPI.
Endotoxin and the two prominent mediators (TNF-a and IL-1) of septic shock and inflammation did not significantly decrease or increase the TFPI mRNA expression and protein secretion by endothelial cells in culture. The concentrations of cytokines used in our cxperiments wcre within the limits found in human endotoxemia and primate b a c t e r e~n i a .~~.~~ The concentrations used are also within the range known to induce T F in endothelial cells.io-'3 As reported earlier?' in all of our experiments, the T F mRNA expression preceded the manifestation of TF activity, which peaked between 4 and 8 hours and then declined. These inflammatory mediators, in addition to upregulating endothelial TF and fibrinolytic inhibitors, also downregulate thrombomodulin and fibrinolytic enzymes (see above). Thus, it would appear that TFPI is the only known endothelial anticoagulant protein the expression of which may not be downregulated during an inflammatory response.
The endothelial cells cultured in PDS constitutively synthesized and secreted TFPI. The synthesis of TFPI under these conditions reflects the ability of these cells to synthesize TFPI in a plasma millieu devoid of releasates from formed elements of blood. The cells cultured in WBS invariably expressed and secreted higher levels ( = 1.5-fold) of TFPI than the cells cultured in PDS. This observation suggests that there are additional serum factors released from the formed elements such as platelets, which modestly upregulate synthesis and secretion of TFPI from endothelial cells. The WBS elements have been previously noticed to induce synthesis of TF in murine BALB/c 3T33x and AKR-2B39 fibroblasts and in human fetal lung fibroblast^.^^' However, the significance of slight upregulation of TFPI by WBS in endothelial cells and induction of T F in fibroblasts by FBS remains to be established. Moreover, we also found that endothelial cells cultured in WBS expressed twofold increased levels of TFPI than the cells cultured in FBS. The reason(s) for this is not readily evident but may be related to species differcnces.
In our studics, PMA treatment of cells cultured in FBS or WBS resulted in a slight upregulation of TFPI expression. Although a small increase in TFPI synthesis in PMAtreated cells may not be significant, we did not observe a decrease in TFPI secretion, as reported earlier'"; however, the reason(s) for this is not readily apparent at this time. Moreover, the increase in TFPI mRNAs induced by WBS or by PMA was transient. This may be related to the presence of AUUU-rich sequences in the 3' end of the TFPI mRNAs"* that may, in part, contribute to its instability. Such A and U-rich sequences present in other genes, such as TF42 and inflammatory mediators$." have been reported to render the mRNA susceptible to degradation.
TFPI synthesis by endothelial cells and its slight upregulation by PMA and WBS is consistent with the transcrip- this motif has been shown to be functional?0 we suspect that this second AP-1-like motif in the TFPI gene may be responsible for the PMA response observed in our study. This second AP-1-like motif may also be responsible for the PMA induction of TFPI synthesis in a monocytoid cell line. 51 The modest upregulation of TFPI expression observed for endothelial cells cultured in WBS may, in part, be due to the presence of transforming growth factor-p (TGF-p) released from platelets. Two TGF-&like responsive elements, termed NF-l?* are present in the 5' end of the TFPI One element (TGGGCNsGCCAA, bp number 14-29) has a six-nucleotide spacer instead of the normal five and the other element (TGGGCN&CCAA, bp numbers 459-472) has a four-nucleotide spacer and CCCAA sequence instead of the consensus GCCAA sequence. Although the second NF-l-like motif is thought to be whether one or both of these motifs are functional remains to be experimentally tested. Similarly, whether the GATA consensus sequence and the AP-1-like consensus sequences are actually involved in the regulation of TFPI gene expression is an interesting subject for further study. One should also note that there are two additional GATA consensus motifs that occur downstream of the transcription initiation site(s) (bp numbers 534-540 and 652-657 in Van der Logt et a145). Their function in TFPI gene regulation also remains to be elucidated.
